INTRODUCTION
The liver contains several independent receptor systems for the elimination of carbohydrate-terminated substances from the circulation. Receptors have been described in the liver that are specific for galactose [1] [2] [3] [4] [5] [6] , mannose [7] , N-acetylglucosamine [8] and fucose groups [9] [10] [11] [12] [13] [14] [15] . Galactose-specific uptake mechanisms have been characterized on both Kupffer [5, 6] and parenchymal liver [1] [2] [3] [4] cells.
The galactose-specific receptor on parenchymal liver cells, the established asialoglycoprotein receptor (ASGPr), has been characterized in detail at a physiological and molecular level [1] [2] [3] [4] . The ASGPr specifically recognizes galactose groups of desialylated glycoproteins such as asialo-orosomucoid and asialofetuin. Binding of these proteins to the ASGPr is followed by internalization and degradation of the glycoproteins in the lysosomal compartment [1] [2] [3] [4] .
The galactose-specific receptor on Kupffer cells mediates the uptake of galactose-exposing particles and is therefore called the galactose-particle receptor (GPr) [5] . Particles of size 12 nm or more, such as lactosylated low-density lipoprotein (Lac-LDL; 22 nm) and desialylated rat erythrocytes, are cleared from the circulation by the GPr on Kupffer cells [5, 6, 16] . Smaller particles such as lactosylated high-density lipoprotein (12 nm) are, however, cleared from the circulation by the ASGPr on parenchymal liver cells [16] . In analogy with the ASGPr on parenchymal liver cells, binding of ligands to GPr on the Kupffer cell leads to internalization and degradation in the lysosomal compartment [6] . Recently, a galactose-binding protein has been isolated from the liver by perfusion of the liver with 20 mM EDTA. This lectin, with a molecular mass of 30 kDa, was claimed to be the GPr, as treatment of isolated Kupffer cells with 20 mM EDTA abolished the galactose-specific binding of desialylated rat erythrocytes the binding of '25I-Lac-LDL to Kupffer cells and reacted in a Western blot with two proteins (molecular mass 88 and 77 kDa), which correspond to the molecular mass of the fucose receptor [17, 18] . Kolb-Bachofen and associates [19, 20] have identified this lectin to be a subunit of C-reactive protein (CRP). It was suggested that membrane-associated CRP, which has galactosebinding properties, acts as the GPr on Kupffer cells.
Besides the GPr, Kupffer cells display various other carbohydrate-specific receptors which are involved in the uptake of carbohydrate-terminated proteins, i.e. relatively low amounts of the mannose receptor [7] and the fucose receptor [9] [10] [11] [12] [13] [14] [15] . The fucose receptor has been purified and cloned. It specifically recognizes proteins with high densities offucosyl groups [9, 14, 15] .
The fucose receptor interacts not only with fucose residues, but also with N-acetylgalactosamine and galactose-exposing neoglycoproteins [9] .
The aim of the present study was to identify the recognition system on Kupffer cells involved in the uptake and degradation of galactose-exposing particles. The GPr in the rat Kupffer cell was screened using Lac-LDL as radioligand. This ligand is taken up by a galactose-specific mechanism in the Kupffer cell [21] . Isolation and radiolodination of asialo-orosomucoid and LL
MATERIALS AND METHODS
Human orosomucoid was isolated and subsequently desialylated enzymically as described [22] . Human LDL (1.024 < d < 1.063) was isolated by differential ultracentrifugation, as described by Redgrave et al. [23] . The (lipo)proteins were radiolabelled with carrier-free Na125I by the ICI method of McFarlane [24] as modified by Bilheimer et al. [25] .
Modification of (llpo)proteins
Lactosylation of LDL was performed by reductive amination, and 390 lactose residues were incorporated per LDL particle [26, 27] . Fucosylation of BSA was performed exactly as described [28, 29] .
Isolation of Kupffer cells and parenchymal cells
Parenchymal liver and Kupffer cells used for in vitro binding studies were isolated from male Wistar rats. Rats were anaesthetized with sodium pentobarbital (20 mg, intraperitoneal injection) and subsequently the liver was perfused for 10 min with collagenase [0.05 % (w/v), type D] at 37°C following essentially the method of Seglen [30, 31] . Parenchymal cells were isolated by differential centrifugation (30 s at 50 g), and Kupffer cells were isolated by density gradient centrifugation and centrifugal elutriation (3250 rev./min at 70 ml/min). The purity of types of cell was more than 95 %, and the viability (checked by ATP content and Trypan-Blue exclusion) was more than 95 % throughout the experiments.
Association and degradation of 1251-Lac-LDL by Kupffer cells For binding studies, suspensions of Kupffer and parenchymal cells were incubated at a density of 1 x 106 cells/ml in Dulbecco's modified essential medium containing 2 % (w/v) BSA and 25 mM Hepes (pH 7.4) [32] . Cell incubations were performed in Kartell plastic tubes in a circulating laboratory shaker (150 rev./min; Adolf Kuhner) at either 4°C or 37 'C. At the end of the incubations, cells were washed (30 s at 50 g for parenchymal liver cells and 5 min at 500 g for Kupffer cells) twice with 10 mM Tris/HCl buffer, pH 7.4, containing 150 mM NaCl, 2.5 mM CaCl2 and 0.20% (w/v) BSA and once with the same buffer without BSA. Finally, cells were resuspended in this buffer (without BSA), and cell-associated radioactivity was counted in a y counter, and cell protein was determined by the method of Lowry et al. [33] with BSA as standard. Degradation of iodinated ligands was determined in the first cell-free supernatant after incubation of the cells for the indicated times at 37 'C, exactly as described [34] .
The dissociation constant (Kd) and maximal specific binding (Bmax ) were determined from displacement and binding curves according to a single-site displacement model using a computerized non-linear fitting program (Graph-Pad: H. Motulsky, ISISoftware) [32, 34] .
Rosette-formation assay
Desialylated rat erythrocytes were prepared by neuraminidase treatment as described previously [18] . Desialylated erythrocyte suspensions were mixed with an equal volume of rat Kupffer cells and centrifuged for 5 min at 80 g and subsequently incubated for 60 min at 4°C [18] . The amount of Kupffer cells binding at least three desialylated rat erythrocytes was determined under the microscope in the presence or absence of competitors.
Liver cell membrane isolation and Western blotting Kupffer The effect of temperature on the association and degradation of '25I-Lac-LDL by freshly isolated Kupffer cells is shown in Figure 2 . The association increased markedly with increasing temperatures, indicating that the association of '251-Lac-LDL with rat Kupffer cells is apparently temperature sensitive. As could be expected, degradation was not observed below 20 'C. Degradation at 37 'C was detected after a lag phase of at least 10 min and proceeded linearly for 60 min. The kinetics are indicative of internalization of '251-Lac-LDL after binding followed by (lysosomal) degradation.
The carbohydrate specificity of the association of 125I-Lac-LDL with Kupffer cells is shown in Figure 3 . N-acetyl- of Ca2+ was 800% lower than in the presence of Ca2+ and comparable with the level of binding in the presence of 50 mM N-acetylgalactosamine. As the GPr on rat Kupffer cells has been suggested to be a membrane-associated version of CRP, we tested polyclonal antibodies against rat CRP for their capacity to prevent the binding of '251-Lac-LDL to the GPr. As a control, we also determined the effect of polyclonal antibodies raised in goat against rat ASGPr on the binding of 125I-Lac-LDL to Kupffer cells. As shown in Figure 5(a) , the effect of anti-(rat CRP) antibody on the association of 251I-Lac-LDL with Kupffer cells was not significantly different from the effect of non-immune IgG. Anti-(rat ASGPr) antibodies, however, significantly inhibited the association of 125I-Lac-LDL with Kupffer cells by 80 %. As a control the effect of both antibodies was tested on the galactose-specific binding of asialo-orosomucoid to rat paren- parenchymal liver cells [36] . Lee and Lee [36] have also described two minor bands of the rat ASGPr with molecular masses of 52 (RHL-2) and 60 kDa (RHL-3). The two minor protein bands visualized in our Western-blot studies have slightly higher molecular masses. The anti-(rat ASGPr) antibody reacted with two Kupffer-cell membrane proteins with molecular masses of 77 and 88 kDa. These molecular masses are identical with those published for the fucose receptor monomers [9] [10] [11] [12] [13] [14] [15] . Western blots of parenchymal-and Kupffer-cell membrane proteins stained with anti-(rat CRP) antibody did not identify CRP on these cells. Furthermore, we could not detect any reaction of anti-(rat ASGPr) antibody with CRP by Western blotting.
Next we compared several characteristics of ligand recognition by the fucose receptor with those of the 'l25-Lac-LDL-binding site on Kupffer cells. Figure 7 shows that only extensively fucosylated BSA (Fuc-BSA) with 33 or 47 fucosyl residues/ molecule of albumin was able to displace the binding of 125I-Lac- Finally, we determined the binding profile of another galactoseexposing particle, desialylated erythrocytes [18, 37] , to Kupffer cells and compared this with the binding profile of 125I-Lac-LDL. Table 1 shows that the effect of anti-(rat ASGPr) antibody and anti-(rat CRP) antibody on rosette formation of desialylated erythrocytes with Kupffer cells is almost identical with the effect of these antisera on the association of 1251I-Lac-LDL. [6] and Lac-LDL [21] ), carcinoma autoantigens [38] , gold particles coated with lactosylated albumin [39] and plasma fibrinogen [40] . Kolb-Bachofen and co-workers suggested that a 30 kDa galactose-specific lectin that could be isolated from the liver using high concentrations of EDTA (20 mM) was identical with the GPr, as treatment of Kupffer cells with 20 mM EDTA abolished the galactose-specific binding by these cells. This 30 kDa lectin was more recently identified as a subunit of CRP, and it was suggested that the GPr might be a membrane bound CRP subunit [19, 20] .
In the present study we used Lac-LDL as a ligand for the GPr on isolated Kupffer cells. In vivo, Lac-LDL is predominantly taken up by Kupffer cells via a galactose-specific mechanism and is subsequently degraded in the lysosomes [21] .
In vitro, freshly isolated rat Kupffer cells bind 125I-Lac-LDL with an apparent affinity of 2.4 + 0.3 nM in a galactose-specific way. Maximal specific binding of 125I-Lac-LDL fob Kupffer cells was 142 + 42 ng/mg of cell protein, which is equivalent to approximately 23 500 binding sites per Kupffencell. The number of receptors may, however, be underestimated, as one molecule of Lac-LDL, which is a large ligand (20 nm) and carried many recognition sites, may bind to more than one Kupffer cell receptor. The number of galactose-specific binding sites for 1251_ Lac-LDL is somewhat lower than the number of binding sites for fibronectin-coated gold particles (35000 binding sites), which also bind in a galactose-specific manner to rat Kupffer cells [39] . The association of 1251-Lac-LDL with rat Kupffer cells increased with increasing temperature. However, it should be realized that at temperatures above 20 'C, internalization of the ligandreceptor complex occurs; the receptor is subsequently recycled at an apparent turnover rate of approx. 7.8 min (37°C) [29] . When corrected for the internalized ligand, cell association of 1251-Lac-LDL at 37°C is still twofold higher than binding at 4 'C. This may be because the affinity of the receptor for '25I-Lac-LDL increases at higher temperatures, as has been observed for other receptors [41, 42] .
Carbohydrate specificity and absolute Ca2+-dependence of 125I-Lac-LDL binding to Kupffer cells were almost identical with that observed for galactose-specific rosette formation by Kupffer cells [19, 20, 36] . The carbohydrate specificity and Ca2+-dependence, however, match equally well the binding profile of the isolated fucose receptor, as described by Hill and co-workers [9] .
More insight into the nature of the galactose-specific binding came from the use of polyclonal antibodies raised against rat CRP and rat ASGPr. The antibody raised against ASGPr specifically inhibited '251-Lac-LDL binding to Kupffer cells, and, in a Western blot, two Kupffer cell membrane proteins (88 and 77 kDa) reacted with the anti-(rat ASGPr) antibody. As the above molecular masses are identical with those observed for the isolated fucose receptor [13, 14] , and, in addition, the binding specificity of 125I-Lac-LDL to Kupffer cells corresponds to the binding specificity of the isolated fucose receptor, we conclude that the fucose receptor and not CRP was primarily involved in the binding of 125I-Lac-LDL to Kupffer cells. The unexpected cross-reactivity of the anti-(rat ASGPr) antibody with the fucose receptor on Kupffer cells may be the result of an impurity in the antigen (affinity-column isolation of ASGPr may also yield some fucose receptor, as this receptor also binds galactosyl residues on glycoproteins). The cross-reactivity of this polyclonal antibody might, however, also result from the great homology between the fucose receptor and the ASGPr [14, 15] . Ii et al. [43] have demonstrated a galactose/N-acetylgalactosamine-specific 42 [9] .
Finally we tested whether the binding of sialylated erythrocytes to Kupffer cells is also mediated by the fucose receptor. Both the effect of the anti-(rat ASGPr) antibody and the effect of the fucosylated neoglycoproteins on rosette formation by rat Kupffer cells indicated that the binding of other galactose-exposing particles, such as desialylated rat erythrocytes, is also mediated by the fucose receptor.
In conclusion, the so-called GPr is identical with the welldefined fucose receptor [9] [10] [11] [12] [13] [14] [15] . CRP is therefore not involved in the interaction of galactose-exposing particles with Kupffer cells. The fucose receptor displays the previously unknown characteristic of mediating the binding and degradation of galactoseexposing particles by rat Kupffer cells.
